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ABSTRACT 

The acceleration of a gas undergoing ionization i n  a crossed e lec t r ic -  

magnetic f i e l d  leads to the formation of current  sheets s imilar  t o  those 

observed in coaxial plasma guns, 

interest to workers in plasma physics i n  v i e w  of their application t o  con- 

t ro l l ed  thermonuclear f i s ion  experiments and to space propulsion. 

The dynamics of such sheets is of g rea t  

In  the 

present paper a detailed mapping of the magnetic f i e l d  i n  the v ic in i ty  of 

a current  sheet is described. Conventional small search co i l s  a r e  used f o r  

the detection of this field.  From the configuration of this f i e l d  an attempt 

is made to understand the processes taking place i n  the sheet. All of the 

experiments described i n  the paper a re  performed an a plasma coaxial gun of 

small aspect ra t io .  

_- 
INTRODUCTION 

Current sheets in plasmas occur whenever an abrupt spa t i a l  change i n  

the value of the magnetic f i e l d  takes place inside the body of a plasma. 

I n  v i e w  of their importance to several applications to investigations on 

controlled thermonuclear fusion reactions and to space propulsion the dynam- 

i c s  of these sheets have been examined in details by many workers i n  the 
1 2 3  f i e l d  
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A search of the technical l i t e r a tu re  reveals t h a t  there are  many inves- 

4 5 6  t igat ions an the theoret ical  study of current sheets of infirite extent  ' ' . 
I n  an experimental arrangement, however, the finite s i z e  of the apparatus 

will l i m i t  the s i z e  of the current sheet. 

the i n f i n i t e l y  la rge  sheet and the bounded sheet is the appearance of crossed 

e l ec t r i c  f i e l d  which may appreciably alter the physics of the s i tuat ion.  The 

paper presented here, considers the case of a current sheet produced by an 

e l e c t r i c  discharge i n  a gas confined by two i n f i n i t e l y  wide pa ra l l e l  elec- 

The important difference between 

trodes. 

the width of the electrodes can be obviated ix an arrangement which may use 

coaxial  electrodes for  instance. The sheet under considerations would then 

take place i n  the annular spacing. 

(Fig. 1) "his configuration is not  unrea l i s t ic  since the e f f ec t  of 

The reason the discussion given here i s  carr ied on a planar ra ther  than 

a cyl indrical  geometry is t o  eliminate the dependence of the motion on the 

rad ia l  coordinate. 

e s sen t i a l  physical phenomena taking place inside the current sheet. 

Thus allowing the concentration of the discussion on the 

It has been observed and the experimental r e su l t s  of Burkhardt and Lov- 

berg (1) show this  very clearly, that  highly planar current sheets can be 

produced i n  a plasma, 

s t a n t  velocit ies.  

of these sheets as plane sheets even in a coaxial configuration can be as- 

cribed to an ionization f ron t  moving i n  the gas. 

Furthermore these sheets appear to propagate w i t h  con- 

It has been speculated that the reason f o r  the propagation 

The velocity of this f r o n t  

M, Rosenbluth, R. Garwin and A. Rosenbluth, A,E.C. Rept. LA-1850 (1954). 

J, H. Adlam and J. E. Allen, Phil. Mag. 3, 448 (1958), 

K. W. Morton, New York University Rept. NYO-9763 (1961). 
- 



-3- 

I 
I 
I 
1 
I 
'I 
I 
l 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

is  determined by the energetics of the s i tuat ion i n  which the energy input 

from the source i s  used to accelerate and heat the electrons, These in turn 

continuously ionize the neutral  atoms with wMch they collide. Since tm 

electron-neutral col l is ion frequency i s  m c h  higher than t h a t  of the ion- 

neutral  co l l i s ion  frequency the electrons are responsible in grea t  p a r t  

f o r  the ionization, 

If the Debye length i s  smaller than the Lamor radius of the ions but 

l a rge r  than tha t  of the electrons it is  plausible t o  imagine the electrons 

t o  car ry  almost a l l  the current i n  the sheet with the ions moving i n  a 

quasi l i n e a r  t ra jectory inside the sheet. 

due t0 the charge separation occurs i n  the direction of the motion. 

c l ea r  that conservation of' momentum Will require the momentum f lux  of the 

i a s  t o  be balanced by the magnetic pressure of the ions. 

Aa a r e su l t  an e lec t r ic  f i e l d  

It is 

In  the model considered here a cold plasma is imagined t o  move toward 

a neutral  gas and complete ionization i s  assumed to  take place a t  the sheet 

edge. In a sense the ionization front  acts  as  a source of i o m  and electrons. 

The paper is  divided i n  two parts, 

fo r  the s t ructure  of the sheet  is discussed. 

observations a re  examined in the l i g h t  of the theory of p a r t  1. 

I n  the first a simplified theory 

In the second some experimental 

THE STRUCTURE OF THE CURRENT SHEET 

A two f l u i d  theory is developed for the determination of the details of 

the sheet, 

sheet  is assumed to move a t  a constant velocity vs. 

t ha t  the electrons Lamor r a d i i  a re  much smaller than the interelectrode 

distances and of the current sheet  thickness as well. 

I n  accordance uith the discussion of the previous section the 

It is f i rmer  s t ipulated 
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If tbe cyclotron frequency of the electrons i s  much higher than the 

col l i s ion  frequency (elec tron-neutral co l l i s ions)  the treatment can follow 

the assumption of a co l l i s ion  free plasma. 

Larmor radius is considered to be much smaller than the character is t ic  dim- 

On the other hand the ions 

ension of the apparatus but can be larger  than the thickness of the current 

sheet. 

carry a major portion of the current. 

veloci t ies  (in the z-direction) of the ions and electrons is actual ly  equal 

to the r a t i o  of their masses. 

forces can be neglected i n  as  f a r  as the ions are  concerned. 

Under these conditions it is plausible t o  assume the electrons t o  

Indeed the r a t i o  of the transverse 

It will then be shown t h a t  the magnetic 

The smal l  s i ze  of the electron Lamor radius will allow one to use a 

hydrodynamic a p p r d t i o n  for  the electron f l u i d  i n  the treatment of this 

problem. 

because the absence of col l is ions and the negligible effect of the magnetic 

forces will cause the ions t o  move as a quasi one-dimensional fluid. 

The motims of the ions too, can be described by a f lu id  model 

"he veloci t ies  of the electrons can be approximately estimated by their 

d r i f t s  so t ha t  one finds a t  once 

and 

v* - -E/B~. 

where v v are  the veloci t ies  of the electron 

respectively, E and EZ are  the e lec t r ic  fields 

tion and Bx is the resul t ing magnetic f ield.  

9' 2 

Y 

On the other hand fo r  the ions one obtains 

(1 1 

(2) 

f lu id  i n  the y and z direction, 

in tens i t ies  i n  the same direc- 

by means of the momentum equa- 

t ion for steady s t a t e  and f o r  the conditions where a l l  quant i t ies  are  functions 
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of the y coordinate only 

dvi 
m v - - e(Ey + v  B ) i i d y  i , z  2 (3)  

In the above vi is the ve loc iw of the ion f l u i d  i n  the y direction referred 

to a frame fixed with respect to the current  sheet, while v 

of the ion f lu id  i n  t M  z direction. 

I s  the velocity 
5 9 %  

Substituting from (2 )  one finds 

(4) 

V 
But  2 <e 1, so that it can be neglected and Eq. (4) indicates t ha t  the 

kinet ic  energy of the ions a re  found to be derivable from a potent ia l  produced 
vX 

by the charge separation such that 

Hence a t  the edge of the sheet where the f i e l d  vanishes the velocity v tends 

to the value vso 

i 

NOW it is wen 1cnown79~ at whenever (E - - -  + v x B) = 0, t m n  f o r  steady 

s t a t e  conditions a simple dependence ex is t s  between the density of the conductr 

ing f l u i d  and the magnetic f i e l d  whenever two dimensional flow conditions pre- 

vail ,  This is seen readi ly  from 

the l a t t e r  s tep following from Faraday's re la t ion and by comparing tBe expanded 

term 

G, S. Golitsyn, J.E.T,P. 34, 473 (1958). 

A s i n i l a r  treatment has been followed by C, Longmire in N s  mNotes cllz Plasma 
Physics .n (Los Alamos, 1958) (unpublished), 
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(7) v x (1 x 2) = (1 . VIE + z (v  . v) = 0 

With the re la t ion  f o r  the conservation of electrons 

0 (n,v> = 0 = (,v v)ne 4 n e b  . ,VI (8) 

In the above equation (7) the solenoidal property of B has been used a s  wen as 

the f a c t  that v does n o t  vary along the direction of B. 

- 
- - 

Consequently it follows t2mt here, 

n 
0 "8 = constant = , say- 

X 0 

There are  some simple 

and the poten t ia l  4. 
re la t ions  between the densitg of the electrons and ions 

Indeed manipulation of Amperes re la t ion  f o r  the cur ren t  

1 
I A e n  vz = - - 

e ds 

in which the premise i s  made t h a t  the electrons car ry  a l l  the current, together 

with ( 2 )  and (9) leads t o  
3 
L 

= -  porno (6  4 60)  
"e B 2  

0 

where bo is a constant such t h a t  the densi ty  ne tends t o  no whenever 4 vanishes, 

L e ,  
B 2  

0 
$0 = 

0 0  

Since all quant i t ies  a re  f'unctions of y only, the conservation of charges yields 

(13) n v  - n v  = n v .  e Y  i i  o s  
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The two pa r t i c l e  fluxes a re  indeed equal since an equal f lux  of p a r t i c l e s  

of e i t h e r  charges penetrates the edge of the current  sheet. 

Combination of (ll), (13) and (5) leads to an expression f o r  Poisson's 

equation i n  which the poten t ia l  is defined by the d i f f e ren t i a l  equation 

e a29 = - - (ni - ne) 
ds2 0 

E 

Introducing the transformations 

2e 

m v  i s  
f = ( y ) O  

r )  1/2 
2eLno 

E ~ V  
9 4  2) 

o i s  

and the parameter 

2 k n m v  o o i s  

2B02 
a =  

'phe above equation can be made dimensionless. 

6 

Y 

Actually it becomes 

The solution f o r  this equation f o r  a f e w  values of the parameter a and f o r  the 

boundary condition of a vanishing e l ec t r i c  f i e l d  and the poten t ia l  is  shown i n  

Fig. (2). 

For a e 1/2, the solutions approaches asymptotically the f inc t ibna l  be- 
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- \11/2-c 
When the parameter a is greater than - the poten- havior $ CY e 

t i a l  9 osci l la tes .  
1 to 

For very large a the period i s  approximately proportional 

The mgnetic  f i e l d  obtained f r o m  the above relat ion is given i n  dimen- 

s ionless  form as 

and i t s  behavior i s  shown in Fig, (3) .  

The actual  thickness k o f  the current sheet  is  determined from the con- 

di t ion 
L 

I - -e ne vz dy 

By virtue of ( 9 ) ,  however, one can simplify the above t o  be 

n 
= -e O Oce)  

0 

. ,  

(16) 

I n  v i e w  of the periodic character of 4 f o r  a > - 1 the current  sheet may be 
2 

several periods thick. 

thickness as defined by (18) beccanes finite. 

This i s  not t rue however far a < 1/2  i n  which case the 

EXPERIMENTAL PROCEDURE 

The general layout i s  shown schematically i n  F'ig. The discharge of 

the condenser bank takes place between two concentric electrodes. The current  



I 
I 
I 
i 
I 
I 
1 
u 
I 
I 
1 
I 
I 
I 
1 
I 
I 
I 
I 

-9- 

sheet which forms is  f a i r l y  planar. 

The magnetic f i e l d  between the electrodes is  detected by small probes 

Two probes a re  used f o r  s imi la r  in construction to the design of Karr(9). 

the mapping of the f ie ld .  By placing the probes in the same plane the 

azimuthal dependence can be checked, Axial posit ioning of the probes on 

the other hand allows the determination of the s t ruc ture  of the sheet a t  

d i f f e ren t  s ta t ions  along the axis,  

The important operating parameters a r e  mmar ized  i n  the table  given 

below. 

Maximum Condenser voltage up to 12Kv 

Condenser bank capacitance 

Polarity: center electrode 

Elec trade length 

Radius of inner electrode 

Radius of outer electrode 

30~7 

negative 

24 cms 

3.5 cm 

4.75 cm 
Time to current  m a x a  

Gas pressure: varied between O.l-2mm 

1.75 w s  

Gases used 5 and A 

I n  order to v e r q  the theory discussed in the previous section a 

series of measurements were done, to  obtain the in t ens i ty  of the magnetic 

f i e l d  behind the sheet as well a s  the frequency of the osc i l la t iuns  in 

the plasma. 

conditions are  shown i n  Fig. 5. 

Typical oscillograms f o r  two d i f fe ren t  gases and d i f f e ren t  

H. J. Cam, "The Plasma i n  a Magnetic Field." 
Press, 1958), p. 40 ff. 

(Stanford University 
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For the range of experimental values of the pressure used (0.1 - 2mm) 

the frequencies varied between 0.6 and 1.5 megacycles. 

voltage on the capacitor bank to different values it was possible t o  change 

the magnetic f i e l d  and hence the Alfvdn velocity. 

ties between one and 6 kilogauss were thus obtained in this fashion, 

Ely adjusting the 

Magnetic f i e l d  intensi- 

For each experiment the velocity of the sheet  was calculated from a 

determination of the time of f l i g h t  of l3e sheet between the two probes. 

The r e s u l t  of a l l  these measurements has been condensed i n  graphical form 

in Fyg. 6 which shows the dependence of the frequency on the coeff ic ient  

a. 

It appears that the mean features of the theory a re  verified. Indeed 

no osci l la t ions uere noticed when the f ac to r  a was too low. 

An important conclusion arrived here is  tha t  the assumption of the 

ions carrying a small f ract ion of the current seems to  be a f a i r l y  good 

one. 

through electron-ions coll isions.  

fying the onset of a sfiock i n  an e l ec t r i ca l ly  driven shock tube. 

It thus implies t h a t  the ions gain energy ind i rec t ly  from transfer  

T h b  f a c t  may be of importance in c la r i -  
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Fig. 1: Elec?.rode configuration and coordinate axis used i n  *-e text. 
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Fig. 3: Rnc t iona l  behavior of the magneti; f i e l d  referred to its value 
a t  the sheet edge with respect t o  6 .  





Fig. 5: Two oscil lorrams I'CT t h e  s r a t i n i  Fehzvior of the magnetic 
field. ( a )  refer.; tc, Fy3ropcn 7t .2 m n  He ( 7 0 )  refsrs t o  
Argon at .2 rrm 
f o r  two TrobEs  se k l  dSst;.,rce o f  ahoct  9 
cms. Tre re!r!Cj?:r s-i,crr171 pic?.:ed up by (1) 
ar,d (2) c?enct:s ' l e  1-r fir --a h?Favior  cf the 
shee t  s trx "XI re e 

'i'W < ~ T T S  ~er~cL.Cd S:7 (1) 2nd ( ? )  a r e  
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Relative value of parameter a 

Fig. 6: Dependezce of tk;e relative mapitude of t+.e ueriods on the 
r e l a t i v e  values of the parameter. For a Degiect check of 
the tFeorg the poir? t c  shoii! -7 ?L? on the bs ( so l id )  l ine,  
The f u l l  circles : - - '  p t o  Hydrogen, thc  cper: c i r c l c r  t o  drpoc. 
As the sheet velocS ty is r,ot  strcnEly depcr - e n t  on tl?e pres- 
sure, a is a1mo:t inversely proportional to the A l f v d r ?  
velocity . 


